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Edited by Jesus AvilaAbstract Mitochondrial dysfunction is a hallmark of beta-amy-
loid (Ab)-induced neuronal toxicity in Alzheimers disease (AD).
Epidemiological studies have indicated that alcohol consumption
plays a role in the development of AD. Here we show that alco-
hol exposure has a synergistic eﬀect on Ab-induced neuronal cell
death. Ab-treated cultured neurons displayed spontaneous gener-
ation of reactive oxygen species (ROS), disruption of their mito-
chondrial membrane potential, induction of caspase-3 and p53
activities, and loss of cell viability. Alcohol exposure facilitated
Ab-induced neuronal cell death. Our study shows that alcohol
consumption enhances Ab-induced neuronal cell death by
increasing ROS and mitochondrial dysfunction.
Crown Copyright  2008 Published by Elsevier B.V. on behalf
of the Federation of European Biochemical Societies. All rights
reserved.
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ROS1. Introduction
Alzheimers disease (AD), a neurodegenerative disorder clin-
ically characterized by progressive dementia, is associated with
neuroﬁbrillary tangles and amyloid beta (Ab) plaques [1,2].
Since the discovery of the 4 kDa Ab peptide, much research
has focused on understanding Ab toxicity and its relationship
with AD progression and pathogenesis. Ab peptides are
cleaved from amyloid precursor protein (APP) through the
sequential proteolysis of aspartyl b-secretase and presenilin-
dependent c-secretase in AD brains [3–5]. The progressive
accumulation of Ab aggregates eventually triggers a cascade
of cellular changes, including mitochondrial oxidative damage,
hyperphosporylation of tau, synaptic failure, and inﬂamma-
tion [6–8].*Corresponding author. Fax: +82 2 826 1265.
E-mail address: sungsu@cau.ac.kr (S.S. Kim).
1These authors contributed equally to this work.
0014-5793/$34.00 Crown Copyright 2008 Published by Elsevier B.V. on beha
doi:10.1016/j.febslet.2008.11.007Mitochondrial dysfunction in AD patients has been well
documented [6,7]. Several in vitro studies showed that Ab af-
fects mitochondrial DNA and proteins, leading to impair-
ments of the electronic transport chain (ETC) and,
ultimately, to mitochondrial dysfunction [9,10]. Recently,
Lustbader et al. [11] reported that Ab-binding alcohol dehy-
drogenase directly interacts with Ab in the mitochondria of
AD patients and transgenic mice, and that this interaction pro-
motes the leakage of reactive oxygen species (ROS), resulting
in mitochondrial dysfunction.
Investigations with animal models of fetal alcohol syndrome
(FAS) suggest that neuronal vulnerability to ethanol-induced
cell death may correlate with speciﬁc developmental events
[12]. Ethanol exposure is a consistent and reliable producer
of neuronal toxicity, particularly when the exposure occurs
during periods of enhanced neuronal vulnerability. Neuronal
dendritic shrinkage has been documented in alcoholics [13].
There does not appear to be a link between alcohol-related
brain damage and AD [14], although some studies suggest a
relationship between alcohol and aging [15].
To test the synergistic eﬀect of ethanol in an Ab-rich envi-
ronment in cultured neurons, we co-treated human neuroblas-
toma cells with Ab and ethanol. Here, we demonstrate that
alcohol exposure is a risk factor facilitating Ab-induced neuro-
nal cell death. Alcohol exposure had a synergistic eﬀect on Ab-
induced cell stress via mitochondrial dysfunction. Inhibition of
caspase-3 or p53 reduced the synergistic neurotoxicity of Ab
and ethanol, whereas inhibition of Akt facilitated the suscepti-
bility of cultured neurons to Ab and ethanol. Thus, our study
shows that alcohol consumption enhances Ab-induced neuro-
nal cell death by increasing ROS production and disruption of
mitochondrial integrity.2. Materials and methods
2.1. Cell culture and pharmacological treatments
SK-N-SH human neuroblastoma cells were cultured at 37 C in Dul-
beccos Modiﬁed Eagles Medium (DMEM) (Gibco-BRL) supple-
mented with 10% heat-inactivated FBS in a humidiﬁed 95% air, 5%
CO2 incubator. For aging, Ab1-42 (Biosource Inc.) was incubatedlf of the Federation of European Biochemical Societies. All rights reserved.
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incubation with ethanol (Sigma), the culture plates were sealed with
plastic tape and wrapped in plastic wrap to prevent ethanol evapora-
tion.
2.2. Cell viability assay
Ab- and ethanol-treated cells were stained with 10 ll of alamarBlue
(Serotec) [16]. For assessment of apoptosis, cells were ﬁxed with 4%
paraformaldehyde and then stained with 8 mg/ml of Hoechst dye
33258 (Sigma) for 5 min. Nuclear morphology was visualized using a
ﬂuorescence microscope (IX70 microscope, Olympus).
2.3. Determination of ROS generation
Ab- or ethanol-induced hydrogen peroxide generation was measured
by incubating the cells with the ﬂuorescent probe 2 0,7 0-dichloroﬂuores-
cein diacetate (DCF-DA) (Sigma). DCF ﬂuorescein intensity was mea-
sured with a ﬂuorometer (TECAN, GENios).
2.4. Eﬀect of p53 antisense oligonucleotides and Akt inhibitor on
neuronal viability
To access the role of p53 and Akt inhibitor on cell viability in
Ab- and ethanol-mediated neuronal cell death, antisense 20-mer
phosphorothioate oligonucleotides were synthesized and added to
the culture medium at a ﬁnal concentration of 10 lM 6 h prior toFig. 1. Ab and EtOH synergistically enhance neuronal apoptosis in SK-N-SH
with the untreated control. (B) Morphological changes in cultured SK-N-SH
induction of caspase-3 activity. (D) Cells were stained with Hoechst 33258 s
nuclei condensation and fragmentation (arrow), compared with normal cell n
three independent experiments. Scale bar is 20 lm. *P < 0.05, **P < 0.001.Ab and/or ethanol addition. The p53 sequence of the p53 antisense
olignucleotides (5 0-CGCTAGGATCTGACTGC-3 0) was complemen-
tary to the translation initiation site of the human p53 mRNA. Akt
inhibitor, LY294002 (CalBiochem), also pre-treated for 2 h before
Ab and/or ethanol addition in culture medium.2.5. RT-PCR analysis and Western blotting
Total RNA was isolated from the cells by using Trizol Reagent
(Invitrogen) according to the manufacturers instructions. cDNA was
synthesized by using Superscript II Reverse Transcription system
(Invitrogen). For RT-PCR, AccuPower PCR premix (Bioneer) was
mixed with each primer. Catalase primers 5 0-TTAATCCA-
TTCGATCTCACC-3 0 (forward), 5 0-GGCGGTGAGTGTCAGGA-
TAG-3 0 (reverse); Cu/ZnSOD primers 5 0-CAGTGCAGGT-
CCTCACTTTA-3 0 (forward), 5 0-CCTGTCTTTGTACTTTCTTC-30
(reverse); MnSOD primers 5 0-GTTTTGGGGTATCTGGGCTC-3 0
(forward), 5 0-TCCCTGATTTGGACAAGCAGC-3 0 (reverse); GAP-
DH-speciﬁc primers 5 0-GGGGCTCTCCAGAACATCAT-30 (for-
ward), 5 0-AAGTGGTCGTTGAGGGCAAT-30 (reverse). To
measure the expression levels of p53 and phospho-Akt, immunoblot-
ting was performed with anti-p53 and anti-phospho-Akt (Santa Cruz
Biotech, CA, USA). An anti-b-actin antibody (SantaCruz Biotecholo-
gy; 1:1000 dilution) was used as a loading control. Protein preparation
and immunoblotting were performed as described [16].cells. (A) The relative cell viability was decreased in all cases compared
cells treated with Ab and/or EtOH. (C) Eﬀect of Ab and EtOH on
taining. Dead cells were identiﬁed by morphological changes, such as
uclei (arrowhead). Data were presented as means ± S.D. from at least
D.Y. Lee et al. / FEBS Letters 582 (2008) 4185–4190 41872.6. Analysis of mitochondrial membrane potential (DWm) and activity
of caspase-3
Changes in DWm were estimated using tetramethylrhodamine ethyl
ester (TMRE) (Molecular Probes). Carbonyl cyanide p-(triﬂuorometh-
oxy)-phenylhydrazone (FCCP) was used as a positive control for com-
plete mitochondrial depolarization. Caspase-3 activities were measured
as described [16].
2.7. Statistical analysis
All data are expressed as the means ± S.D. Statistical signiﬁcance
was determined via ANOVA followed by Scheﬀes post hoc tests. A
P-value of <0.05 was considered to be signiﬁcant.Fig. 2. Eﬀects of Ab and EtOH on ROS production by and
antioxidant enzyme mRNA expression in SK-N-SH cells. (A) Ab-
and EtOH-induced ROS generation was measured by incubation with
DCF-DA. Data were presented as means ± S.D. from three indepen-
dent experiments. *P < 0.05. (B) The expression of antioxidant genes
was measured by RT-PCR analysis. GAPDH is used for a loading
control.3. Results
3.1. Characterization of the synergistic neurotoxicity eﬀects of
combined treatment with Ab and ethanol
We ﬁrst performed a series of experiments to evaluate the
neurotoxicity eﬀects of single agent treatment with Ab or
ethanol on cell survival in human neuroblastoma cell line,
SK-N-SH. To conﬁrm the synergistic cytotoxic eﬀect of Ab
and ethanol, we also co-treated with Ab and ethanol under
the same conditions. At a concentration of 1 lM, Ab showed
no cell-killing eﬀects, even after 48 h of treatment, compared
with un-treated control; however, this concentration did selec-
tively inhibit neurite growth. In contrast, cell viability decreased
with time when cells were treated with 15 mM ethanol, which is
a similar concentration of the drink/drive limit in the USA and
UK (0.08% w/v, 17.4 mM) (Fig. 1A). Interestingly, co-treat-
ment with Ab and ethanol showed a signiﬁcant synergistic eﬀect
on cell death compared to treatment with Ab or ethanol alone
for 48 h (Fig. 1A). This synergistic eﬀect on neuronal cell death
was also detected in the morphological changes (Fig. 1B and D)
and caspase-3 activation (Fig. 1C).
3.2. Synergistic eﬀects of Ab and ethanol in triggering oxidative
stress
To determine whether Ab and/or ethanol treatment induces
oxidative stress in cultured neurons, we measured the level of
ROS production using a DCF-DA-dependent ﬂuorescence as-
say. When SK-N-SH neurons were exposed to Ab or ethanol
alone, intracellular ROS levels did not signiﬁcantly change.
However, ROS production was signiﬁcantly increased in co-
treated with both Ab and ethanol (Fig. 2A).
To determine whether a combined treatment with Ab and
ethanol disturbs the internal defense mechanism for ROS, we
examined the expression of antioxidant genes. ROS are regu-
lated by endogenous antioxidant defense systems, which in-
clude catalase, superoxide dismutase (SOD), and glutathione
peroxidase [17]. Of these antioxidant genes, catalase and mito-
chondrial manganese-containing MnSOD, but not cytosolic
Cu/ZnSOD, decreased following combination treatment with
Ab and ethanol (Fig. 2B). Expression of catalase and MnSOD
were decreased by 3-fold and 5-fold, respectively. These results
indicate that Ab and ethanol have a synergistic eﬀect on ROS
generation in SK-N-SH cells.
3.3. Synergistic eﬀects of Ab and ethanol on apoptotic or
survival pathways
To investigate whether Ab and ethanol have a synergistic ef-
fect on apoptosis, we measured the expression of pro-apoptotic
marker protein p53. Treatment of Ab or ethanol alone did notcause a change in p53 expression. In contrast, p53 was signif-
icantly increased after 3 h following co-treatment of cells with
Ab and ethanol (Fig. 3A). To further demonstrate that p53
induction correlates with cell death, we blocked the expression
of the p53 protein by pre-incubating with p53-speciﬁc anti-
sense oligonucleotides. Inhibition of p53 (p53 AS) signiﬁcantly
rescued the synergistic cell death eﬀect of Ab and ethanol in
SK-N-SH cells (Fig. 3B).
We also investigated whether a combined treatment with Ab
and ethanol inﬂuences neuronal cell survival signaling by mea-
suring the activity of Akt with a phospho-speciﬁc Akt anti-
body. The level of pAkt in neurons was signiﬁcantly
decreased after 3 h with a combined treatment with Ab and
ethanol (Fig. 3C). In addition, pre-treatment of Akt speciﬁc
inhibitor, LY294002, signiﬁcantly enhanced the synergistic
Ab- and ethanol-induced neuronal cell death (Fig. 3D). To-
gether, these ﬁndings suggest that Ab and ethanol show syner-
gistic eﬀects on neuronal cell death through activating the p53-
dependent apoptotic pathway and inhibiting Akt-dependent
survival signaling.
3.4. Eﬀects of p53 antisense oligonucleotide and pAkt inhibitor
on ROS generation
To demonstrate that p53 and Akt signaling directly inﬂuence
the ROS production, we pre-treated cultured neurons with a
p53 antisense oligonucleotide or an Akt inhibitor before mea-
Fig. 3. p53 and pAkt are involved in Ab- and EtOH-induced neuronal cell death in SK-N-SH cells. Western blot analysis was performed using anti-
p53 (A) and anti-pAkt (C) antibodies. Beta-actin is used for a protein loading control. Involvement of p53 and pAkt in Ab- and EtOH-induced cell
viability. Cells were pre-treated with p53 antisense oligonucleotides (B, open squares) or with LY294002 (D, open squares). Data were represented as
means ± S.D. from three independent experiments. *P < 0.05 versus vehicle alone, Ab alone, or EtOH alone; **P < 0.05 versus Ab/EtOH together.
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treatment with Ab and ethanol signiﬁcantly increased ROS
production in SK-N-SH cells (Fig. 2A). Inhibition of p53 sig-
niﬁcantly reduced ROS production in Ab plus ethanol-treated
cells, similar to the positive control group where cells were pre-
treated for 2 h with a well-known glutathione precursor, NAC
(Fig. 4A). Glutathione plays an important role in the detoxiﬁ-
cation of ROS in brain [18]. In contrast, Akt inhibition did not
signiﬁcantly change ROS production.
3.5. Eﬀects of p53 antisense oligonucleotide and pAkt inhibitor
on mitochondrial membrane potential
To investigate the synergistic eﬀect of Ab and ethanol on
mitochondrial integrity, we examined the mitochondrial mem-
brane potential (DWm) with TMRE staining. A slight disrup-
tion of DWm was observed in neurons treated with Ab or
ethanol alone. Co-treatment with Ab and ethanol triggered
the collapse of DWm, whereas pre-treatment with a p53 anti-
sense oligonucleotide signiﬁcantly blocked DWm depolarization
(Fig. 4B). In contrast, Akt inhibition slightly enhanced the
depolarization of DWm in cultured neurons co-treated with
Ab and ethanol. Treatment with NAC, the p53 antisense oligo-
nucleotide, or the Akt inhibitor alone did not aﬀect DWm.
These results indicate that Ab and ethanol synergistically in-duce depolarization of DWm. Pre-treatment with p53 antisense
oligonucleotides attenuated and an Akt inhibitor enhanced
this synergistic eﬀect on DWm reduction (Fig. 4B), indicating
that p53 and/or Akt plays a role in Ab- and ethanol-induced
depolarization of DWm.4. Discussion
The results of this study are the ﬁrst to show the synergistic
eﬀects of ethanol exposure and an Ab-rich environment, rela-
tive to ROS production, disruption of mitochondrial integrity,
and cytotoxicity. In late-onset, sporadic AD, an age-dependent
increase of ROS has been identiﬁed as a key factor in the devel-
opment and progression of AD [1,8]. In this study, we suggest
that alcohol poisoning increases the risk of sporadic AD, with
damage to the neuronal tissues or cells through enhanced ROS
production.
It is well recognized that one of the main eﬀects of ROS
exposure is damage to DNA molecules. Among the proteins
that play an important role in the cellular response to DNA
damage is the tumor suppressor p53 [19]. Neuronal cells in
which p53 was inhibited were less vulnerable to ROS-induced
Fig. 4. Eﬀect of p53 and pAkt on Ab- and EtOH-induced synergistic induction of ROS production and loss of mitochondrial membrane potential
(DWm) in SK-N-SH cells. ROS (A) and DWm (B) were analyzed using DCF-DA and TMRE. Data were presented as means ± S.D. from three
independent experiments. FCCP was used as a positive control for complete mitochondrial depolarization. *P < 0.05 versus vehicle alone, Ab alone,
or EtOH alone; **P < 0.05 versus Ab/EtOH together.
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impairment of ROS-activated, p53-dependent apoptosis.
Over the past decade, the Akt pathway has been shown to be
suﬃcient, and in some cases necessary, for the growth factor-
induced cell survival of several neuronal cell types [20]. Akt
may induce the expression of survival genes, such as Bcl-XL
and A1, by activating CREB or NF-jB, and directly inhibits
members of the apoptotic machinery [20]. In this study, we
show that neuronal cell death induced by Ab and ethanol
through decreasing Akt activity.
Recently, Smith et al. [21] proposed that Ab toxicity is elic-
ited through the generation of ROS, leading to activation of
the JNK pathway, which in turn activates p66Shc by phos-
phorylation at Ser36. Activated p66Shc then triggers the phos-
phorylation of FKH, thereby down-regulating target genes,
such as MnSOD, and leading to an even greater accumulation
of cellular ROS. This biochemical cycle causes cell death. Here,
we found that MnSOD expression was signiﬁcantly decreased
by combined treatment with Ab and ethanol.Mitochondria are unique organelles in the consumption of
oxygen, production of ATP, generation of oxygen radicals,
and mobilization of calcium [22]. Mitochondrial dysfunction
is evaluated by multiple parameters of mitochondrial integrity.
Regulation of changes in mitochondrial membrane potential
(DWm), the release of cytochrome c from the mitochondria into
the cytoplasm and the activation of caspase-9 are important
processes during mitochondria-dependent apoptotic process
[23]. In this study, depolarization of DWm was increased by
over half in combined treatment with Ab and ethanol.
This study demonstrates that a low-dose of Ab or ethanol
alone does not aﬀect cell viability, whereas the combined expo-
sure to both two agents activates apoptotic pathways through
ROS production and the disruption of mitochondrial integrity.
This study also indicates that the p53 and Akt pathways con-
tribute to pro- or anti-apoptosis in cultured neurons.
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